ABSTRACT Comparisons have been made of myelinogenic activities in fetal rat brain mixed primary cultures and cultures of isolated oligodendrocytes of comparable age. The specific activities of the sulfatide synthesis, 2',3'-eyclic-nucleotie 3'-phosphohydrolase (2',3'-cyclic-nucleotide 3'-phosphodiesterase, EC 3.1.4.37), and accumulation of myelin basic protein, when expressed per mg of protein, were as high ( Myelin is a major component of both the central and peripheral nervous systems (1), existing as a unique paracrystalline structure of compacted plasma membranes derived from oligodendrocytes or Schwann cells (central and peripheral nervous system, respectively). Myelin is of critical physiological importance by virtue of the manner in which it encircles neuronal axons, promoting large increases in nerve impulse conduction rates.
Myelin is a major component of both the central and peripheral nervous systems (1) , existing as a unique paracrystalline structure of compacted plasma membranes derived from oligodendrocytes or Schwann cells (central and peripheral nervous system, respectively). Myelin is of critical physiological importance by virtue of the manner in which it encircles neuronal axons, promoting large increases in nerve impulse conduction rates.
Although a fair amount is known about the structure, biochemistry, and function of myelin itself, rather little is known about the cells producing this highly specialized membrane or about the mechanisms and cellular controls involved in myelinogenesis. During the period of myelinogenesis, the unique biochemical composition of myelin is mirrored by the expression of several myelin "markers." These include galactosylceramide (GalCer) and sulfatide synthesis (2), 2',3'-cyclic-nucleotide phosphohydrolase activity (2',3'-cNMPase; 2',3'-cyclicnucleotide 3'-phosphodiesterase, EC 3.1.4.37) (3) , and the accumulation of myelin basic proteins (MBP) (4) .
In the present study we have used nearly pure long-term cultures of normal rat oligodendrocytes, identified on the basis of morphological, immunochemical, and biochemical properties, to demonstrate that nonoligodendrocyte positive signals are required for the optimal expression by oligodendrocytes of myelinogenic gene expression.
MATERIALS AND METHODS
Cell Culture. The method for the primary culture of fetal brain of Fischer rats (Charles River Breeding Laboratories) is described by Barbarese et aL (5) . Briefly, fetal rat brains (19-21 days) or newborn (2-or 3-day-old) 'rat cerebral hemispheres were harvested under sterile conditions and the meninges were removed. After mincing of the tissue with scissors, the cells were dispersed by passing the suspension through pasteur pipettes of decreasing aperture, and plated in 75-cm2 plastic tissue culture flasks (Falcon or Lux) at a density of three hemispheres per flask in '10 ml of Dulbecco's modified Eagle's medium (GIBCO) supplemented with 10% fetal calf serum and antibiotics (streptomycin and penicillin, 1 x 105 units/liter each). Cultures were grown in a water-jacketed CO2/air incubator at 370C. After 5-6 days the medium was changed. Mixed primary cultures were subcultured in some cases using 0.25% Viokase (GIBCO) in phosphate-buffered saline at 370C.
Isolation of Oligodendrocytes. Nine-to 13-day-old primary cultures (Fig. 1A) were washed three times with fresh medium, after which 15 ml of fresh medium was added. The flasks were shaken as described by McCarthy and deVellis (6) in a gyratory water bath at 37C for 16 hr at 200 rpm. The medium containing the cells washed off by this procedure was centrifuged at 150 X g for 5 min. The cell pellet was then resuspended in 5 ml of basic balanced salt solution (7) at pH 7.2 containing 1% bovine serum albumin, DNase at 10 Ag/ml, and 25 mM Hepes buffer as described by Snyder et aL (8) . The cells were next transferred to 25-cm2 tissue culture flasks and shaken as described above but at 60 rpm for 90 min. The suspended cells were then passed through a 20-gum nylon mesh (Small Parts, Miami, FL) and collected by centrifugation. The cells were resuspended in culture media and plated at a density of 5 x 104 cells per cm2. For longterm monolayer culture, the cells were subcultured after [3] [4] days by washing the cells from the dish and transferring to a fresh dish, a procedure that eliminated most remaining contaminating "flat" cells. .1283
Proc. Natt Acad. Sci. USA 78.(1981) acid (2%, wt/vol) to remove unincorporated [3H]thymidine. The slide was dried, photographic emulsion (Kodak NTB3) was applied, and the slide was developed as described by Prescott (9) . Electron Microscopy. Cell pellets or cultures were fixed in 2% (wt/vol) glutaraldehyde in culture medium, 1.5 hr at 230C and poststained with 2% OS04 in 0.1 M sodium cacodylate buffer for 1.5 hr at 230C. The fixed cells were embedded in Epon. Thin sections were examined on a Hitachi H300 electron microscope (10, 11) .
Immunofluorescence. Immunofluorescent labeling of cells was carried out as follows. All washes and dilutions were done in an isotonic basic balanced salt solution (7) . Cells grown on coverslips were washed, incubated for 15 min in 3% normal goat serum, washed, fixed with 3.7% (wt/vol) formaldehyde for 30 min, and washed again. The cells were then incubated for 30 min with an appropriate dilution (see below) of a particular rabbit serum at room temperature, extensively washed, and incubated with goat anti-rabbit IgG conjugated with fluorescein (GIBCO, 1:50 dilution) for 30 min at room temperature. After washing, the coverslips were mounted with 50% (vol/vol) glycerol and examined in a Zeiss epifluorescence microscope with phase and Neofluor optics. For studies of MBP the cells were treated with 0.1% Nonidet P-40 for 10 min prior to incubation with anti-MBP (5). Controls were performed by using normal rabbit sera. Anti-MBP [anti-14,000-dalton mouse central nervous system MBP (4) ] was used at a dilution of 1:50. Anti-GalCer serum was kindly provided by Kay Fields (Albert Einstein College of Medicine) and used at a dilution of 1:20; anti-glial fibrillary acidic protein serum was kindly provided by Lawrence Eng (Stanford University) and used at a dilution of 1:200.
Sulfatide Synthesis. Cell cultures were labeled with NaiSO4 (40 ,uCi/ml, 484 mCi/mmol; New England Nuclear) for 24 hr. The cultures were washed three times with phosphate-buffered saline and lipids were extracted as described by Silberberg et aL (12) . The chloroform phases containing the labeled sulfatides were dried in a scintillation vial and their radioactivities were measured in a Beckman spectrometer after the addition of 10 ml of scintillation fluid (0.5% 2,5-diphenyloxazole, 0.03% pbis[2-(5-phenyloxazolyl)]benzene in toluene).
*Sulfatide was identified by thin-layer chromatography (13), using a sulfatide standard (Applied Science, State College, PA). The reliable sensitivity of the assay is approximately 6 pmol/ 24 hr.
2',3'-cNMPase. Cells were homogenized in Tris-buffered saline and centrifuged at 35,000 x g for 10 min. The pellet was assayed for 2',3'-cNMPase activity as described by Glastris and Pfeiffer (14) . The reliable sensitivity of the assay is 0.01 ,umol/ min.
MBP. These proteins were assayed by radioimmunoassay as described by Barbarese et larger and flat, attached firmly to the dish, and had no processes (see Fig. 3 ). These cells had pale nuclei with two or three nucleoli and appeared to be macrophages on the basis of electron microscopy.
The (Fig. 2) showed that essentially all of the cells had cytoplasms rich in "free" ribosomes and microtubules. The regular round nuclei had substantial heterochromatic patches. No filaments or glycogen granules such as might be expected in astrocytes were observed. Thus these cells had the ultrastructural appearance of oligodendroglia (10, 11) .
Immunocytochemical Studies. When isolated cells were studied by indirect immunofluorescence one day after isolation k , . < l (12 days in vitro), nearly all cells (except for a few remaining "flat" cells) were stained by anti-GalCer (Fig. 3A) . In contrast, only a few percent of the cells stained with anti-MBP (Fig. 3B ) (see Biochemical Analyses, below). Anti-GalCer serum stained the cell surface and cell processes. Anti The data presented are from a single experiment in which all characteristics were assessed in cultures derived from the same initial set of 19-to 21-day-old fetal rat brains. Twelve other experiments, in which only some of the characteristics were studied in any given experiment, gave similar results. "Harvested cultures" are "mixed primary cultures" that have been shaken in order to remove oligodendrocytes. "Harvested cultures plus isolated oligodendrocytes" are harvested cultures to which "isolated oligodendrocytes" have been added back shortly after isolation at a relative density comparable to that present in the mixed primary cultures. In this experiment, all types of cultures were subcultured (using 0.25% Viokase for mixed primary cultures and harvested cultures) into replicate plates at the time of isolation of the oligodendrocytes. All data shown represent individual measurements on separate cultures. Although enough material to allow statistical analyses was not available in this experiment, similar assays on mixed primary cultures have yielded standard errors of ±30 for MBP (5), and ±200 and ±0.4 for' sulfatide synthesis and 2',3'-cNMPase, respectively (unpublished data). drocytes had been harvested ("harvested cultures"), and harvested cultures to which isolated oligodendrocytes had been added back were assayed.
At day 12 (immediately upon isolation) MBP was not detectable by radioimmunoassay in either the parent cultures or isolated oligodendrocytes, a result in agreement with more extensive studies of MBP accumulation in primary cultures of fetal rat brain (5) . In contrast, at 29 days in culture (20 days in culture after isolation) the isolated oligodendrocytes had accumulated substantial levels of MBP, and in fact had a higher activity per mg of protein than did mixed primary cultures (unharvested) of the same age.
Sulfatide synthesis in isolated oligodendrocytes was consistently high during the period from 20 to 32 days in cultures, occurring at levels approximately the same as, or more generally higher than, mixed primary cultures.
2',3'-cNMPase activity was also high in the isolated oligodendrocytes, again as high or higher than observed in mixed newborn primary cultures of comparable age.
In all cases, harvested cultures had only 5-10% of the levels observed in unharvested cultures, suggesting that the harvesting of oligodendrocytes was quite efficient. Addition of isolated oligodendrocytes to harvested cultures (see Table 1 legend for details) resulted in cultures with activities comparable to those of unharvested cultures.
DISCUSSION
Rat oligodendrocytes have been isolated, characterized, and maintained in long-term culture, and shown to possess the ability to express myelinogenesis-related functions. However, the presence of other brain cells enhances the ability of oligodendrocytes to express myelin-related differentiated function.
The isolation procedure draws upon two principles, namely (i) differences in the degree of attachment of brain cells to tissue culture plastic (and to each other), and (ii) differences in the osmotic stability of different cell types in a balanced salt solution. The usefulness of these principles has been emphasized recently in the development of two divergent methods for the isolation of oligodendrocytes. One deals with the shaking of primary cultures to release the more loosely attached oligodendrocytes (6); the second uses a buffer lysis to remove unwanted cell types from a partially purified population of cells obtained by the bulk isolation of trypsin-treated white matter or brain (8) . Here we have coupled aspects of the two methods and analyzed the product over a period of time in culture with regard to several functional properties indicative of oligodendrocytes and the process of myelinogenesis. We found that when the first procedure (6) was used alone, initially more than 80% (as judged by phase-contrast microscopy) of the cells appeared to be oligodendrocytes. Upon plating and subsequent culture, however, other contaminating cells (mostly astrocytes and macrophages) overgrew the cultures within a week, resulting in a mixed population, less than 20% of which were oligodendrocytes. However, by inserting the buffer incubation step of Snyder et at (8) , most of these nonoligodendrocytes were removed, yielding cultures more than 99% pure asjudged by morphological and immunofluorescent means. These cultures divide at least initially, and have been maintained in culture for over 60 days. Thus they are useful for long-term environmental and metabolic studies.
The characterization of these cells as oligodendroglia is based on three criteria-i. e., morphological, immunochemical, and biochemical properties.
The ultrastructure of these cells (Fig. 2) agrees with the characterization of oligodendrocytes both in situ (17) (18) (19) and in bulk isolated populations (8, 10, 20) . The criteria include a well-defined, densely staining small cell body with large numbers of free ribosomes and cytoplasmic microtubules, and a nucleus containing abundant heterochromatin. Three stages of oligodendrocyte maturation have been described during development in vivo (19) . In the cultures described in this report, examples of all three types appeared to be present.
Immunochemical analyses of the isolated cells were also indicative of oligodendrocytes. Raff et at (21) have presented convincing evidence for the oligodendroglial specificity of antiGalCer staining when it is used to study neural cell populations. This result is consistent with the unique quantitative, and presumably functional, disposition of GalCer in myelin (22) . In the present studies most of the cells at final purification (12 days in culture) were stained when treated with such an antiserum (Fig. 3A) , a result consistent with the observed developmental pattern of sulfated GalCer (sulfatide) synthetic ability in mixed primary cultures of the type used here as the source of oligodendrocytes (unpublished data). MBP is considered to be one of the most specific markers available for the identification of myelin (4 Table 1 for isolated oligodendrocytes would be predicted to have been [20] [21] [22] [23] [24] [25] times that for mixed cultures. In fact, on the average only about 6% of that predicted level was observed. Thus it appears that some factor present in the mixed cultures enhances oligodendrocyte myelinogenic function. That neuronal cells may be the critical cellular constituents is suggested by the often indirect but growing literature concerning the importance of neuronal input in both the induction and maintenance of myelinogenesis (28) (29) (30) 
